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Figure 1.1: Basic mechanisms for active Cl- secretion and absorption in Cl- transporting epithelia. Cl- secreting 
epithelia (A) have NKCC1 and NKATP on the basolateral membrane. K+ is recycled on the basolateral membrane through 
K+ channels, and Na+ is transported out through NKATP activity on the basolateral membrane.  NKCC1 maintains [Cl-]i 
above electrochemical equilibrium, and Cl- secretion occurs through apical Cl- channels. Cl- absorbing epithelia (B) have 
NKCC2 on the apical membrane and NKATP on the basolateral membrane. K+ is recycled on the apical membrane 
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through K+ channels, and Na+ is transported out through NKATP activity on the basolateral membrane.  Cl- efflux occurs 
through basolateral Cl- channels. CPECs (C) have NKCC1, NKATP, and Cl- and K+ channels on the apical membrane, 




















































































































(equation	1)	 	 	 ∆µ#$%%& = RT ∙ 	ln #.
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Figure 2.1: Dissection of the CP of the 4th ventricle in mouse. The dissected 
mouse brain was immediately submerged into a silicone lined dissection plate 
that contained sterile room temperature DPBS.  Two 23 gauge needles were 
used to secure the brain ventral-side-up in the silicone at the points marked with 
X.  The tissue was illuminated and visualized under a 20X dissection microscope.  
A pair of #4 micro-forceps was used to gently pick-up the brain stem (at point A) 
and fold it upwards so that the ventral surface of the brain was in contact with the 
ventral surface of the brain stem (B).  The CP (D) was located by following the 
dorsal mid-line (C) in the posterior direction towards the cerebellum.  The CP of 
the 4th ventricle is Y-shaped, and, with a second pair of #4 forceps, each “arm” of 
the CP was first freed from the connective tissue and vasculature before the 
































































Figure 2.2: Microscope set-up for quantitative fluorescence imaging microscopy. Imaging setup used to record 
CWV changes and/or intracellular Na+ and Cl- in single CPECs loaded with calcein or ion-indicator. The filter’s 
wavelengths are shown for Calcein.  This figure is modified from Alvarez-Leefmans, F. J., Herrera-Perez, J. J., Marquez, 
M. S., & Blanco, V. M. (2006). Simultaneous measurement of water volume and pH in single cells using BCECF and 






Figure 2.3: Basic principles and methods for measuring changes in CWV. NKCC1-mediated ion transport is tightly 
linked to water transport (Hamann et al., 2010), thus the direction and relative magnitude of NKCC1-mediated fluxes can 
be inferred by measuring changes in relative CWV in single CPECs. A) from Alvarez-Leefmans, F.J. (unpublished), 
reproduced with permission.  Two models explaining how NKCC1-mediated ion transport is tightly linked to water 
transport. B) This figure is modified from Alvarez-Leefmans et al., (2006). Simultaneous measurement of water volume 
and pH in single cells using BCECF and fluorescence imaging microscopy. Biophysical Journal, 90(2), 608 -618.  Basic 
principle for measuring relative CWV through a pinhole in CPECs using live-cell imaging fluorescence microscopy in 

























































































































































































































































































































































Figure 4.1: Balance of net solute and water fluxes determines choroidal 
epithelial cell volume. A function of NKCC1 in CPECs is maintenance of both 
normal and constant CWV. Under normal physiological conditions NKCC1 is 
constitutively active, inwardly transporting ions and associated water. Hence, we 
predict that NKCC1 inactivation results in CPEC shrinkage due to unbalanced 







CPECs from NKCC1 -/- mice are significantly 
smaller than CPECs from WT
NKCC1 -/-
Mouse 23.5, P15  3/30/2010
10 µm
NKCC1 +/+
Mouse 23.1, P14   3/29/2010
10 µm











number of animalsnumber of animals
CSA
 (μm )2 X ± SEM = 137 ± 4.9 µm
Median = 133 μm
IQR = 27 μm





X ± SEM = 155 ± 4.2 µm
Median = 158 μm
IQR = 38 μm
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Top) volume recording of an individual CPEC from a WT mouse.  The trace 
began with the two ± 10% hypo- / hyperosmotic calibration pulses, prior to the 
application of bumetanide.  In this particular cell, bumetanide caused ~ 13% 
decrease in CWV, which was recovered during the drug wash out.  Bottom) The 
same experiment was repeated in a CPEC from an NKCC1 -/- mouse.  NKCC1 -
/- CPECs responded well to the calibration pulses, but failed to respond to 





Using the mean CSA (from Figure 4.2), the radius was calculated and inserted 
into the formula for the volume of a hemisphere.  The predicted difference in 
volume between the WT and NKCC1 -/- CPECs was very close to mean volume 





























Gregoriades, Madaris, Alvarez, and Alvarez-Leefmans (2017, manuscript in 
preparation).  A & B) Isosmotic removal of aCSF Cl- (0Cl) resulted in CPEC 
shrinkage that reversed upon readmission of isosmotic solution (ISO), and 
indicated that external Cl- was required for CWV maintenance. A) Volume 
recording of a CPEC from a WT that shrank -32.4% compared to a CPEC from a 
NKCC1 -/- mouse (B) where the cell shrank -4.8%.  C) CWV recovery was 
reduced in the presence of 10 µM bumetanide. During the bumetanide-
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insensitive component of the volume recovery (BIC), the volume in this cell only 
recovered 1.3%, while most volume was restored during the bumetanide-
sensitive component of the volume recovery (BSC) after the drug was removed. 
D) In the absence of external Na+ there was also incomplete CWV recovery. The 
BIC and Na+-independent (SIC) components indicated the expression of 
mechanisms other than NKCC1 in this volume recovery. BIC mean rate of 
volume recovery was much faster than the BSC mean rate of volume recovery at 
8.3% / min vs 2.6% / min, respectively. The Na+-dependent component (SDC) of 
the recovery proceeded at a rate that was one order of magnitude faster than in 
0Na+ (SIC mean rate of volume recovery was 2.5% / min vs. 30.2% / min during 
SDC). Thus, most of the Cl- fluxes were mediated by Na+-dependent and 






































Figure	5.1:	Measuring	[Na+]i	in	single	CPECs	using	ANG-	2.	Top) Measurement of 
basal [Na+]i in a NKCC1 +/+ CPEC loaded with ANG-2. The basal [Na+]i of this 
CPEC was 9 mM. After taking the basal [Na+]i measurement, NKATP was 
inhibited with ouabain (1 mM) to test that the dye responded to changes in [Na+]i. 
In this CPEC, ouabain exposure resulted in an increase in [Na+]i to ~45 mM, 
which was reversible upon the removal of ouabain. Bottom Left) Fitting the 
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Michaelis-Menton equation to the plot of the relative fluorescence (1-Fo/Ft) of 
ANG-2 vs [Na+] provided Kd and Fmax values for each cell. These values were 
used to convert fluorescence intensities into [Na+].  Bottom Right) Histogram 
showing the distribution of [Na+]i  in the 21 individual CPECs.  The mean [Na+]i of 

























CPECs. Measurements using the fluorescent indicator dye ANG-2 revealed that 
mouse CPECs had an [Na+]i = 8.4 ± 1.0 mM, similar to that of amphibian CPECs, 
10.5 mM, measured by Dr. Zeuthen using ion-selective microelectrodes and 
reported by Saito & Wright (1987). Using the measured values for [Na+]i and [Cl-]i 
in equation 1, we found DµNKCC1 was negative, indicating that under basal 
conditions the cotransporter is working in the inward direction. 
Modeling the direction of NKCC1 mediated net fluxes in CPECs using 
measured and reported intracellular ion concentrations
∆μ NKCC1 was calculated using the equation below and reported extracellular and intracellular ion concentrations. Based on 
CWV measurements and CSF ion concentrations, we predict [Na+]i must be significantly lower than reported in mamma-







































Johanson & Murphy (1990) [Na+]i = 48 mM
Keep, Xiang, & Betz (1994) [Na+]i = 30 mM
Our measurements (2017)  [Na+]i = 8.4 mM
 [Na+]i = 10.5 mM
0 10 20 30 40 50






















Johanson & Murphy (1990) 48 65 145 154 128 3 
Keep et al., (1994) 30 50 120 150 130 3 
Saito & Wright (1987) 10.5 31.6 90 110 89 2 




































Figure	5.3:	Measuring	[Cl-]I	in	single	CPECs.	Representative examples of NKCC1 
+/+ and NKCC1 -/- Cl- transients that measured the [Cl-]i and ECl of single CPECs 
loaded with MQAE.  CPECs became depleted of their internal Cl- stores when 
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the external Cl- was removed (0Cl-), and were able to recover to initial values 
when external Cl- was replaced. The difference between the ISO and 0Cl- 
steady-states (gray arrow) was used to calculate the [Cl-]i. The inset is the 
calibration plot of the relative MQAE fluorescence (Fo/Ft) as a function of [Cl-] in 
the calibration solutions, and the slope of this relationship is the Stern-Volmer 
constant (KSV). Top) Cl- transient from NKCC1 +/+ CPEC.  The [Cl-]i measured in 
this cell was 62.9 mM, the KSV = 19.7 M-1, and ECl was calculated at -18.9 mV.  
Bottom) Cl- transient from NKCC1 -/- CPEC. The [Cl-]i in this was measured to 
be 22.9 mM, KSV = 8 M-1, and ECl was calculated at -44.8 mV.    NKCC1 -/- 
CPECs had a reduction in [Cl-]i by 50% compared to WT. NKCC1 -/- CPECs also 
had a reduced KSV, which may have been a consequence of the reduced CWV, 



















































Figure 5.4: Modeling the FRP of NKCC1 as a function of [K+]o in CSF and artificial CSF (aCSF).		Plot of Dµ of 
NKCC1 as a function of [K+]o in CSF (red) or in aCSF (black).  The NKCC1 mediated fluxes reverse when Dµ=0 (FRP), 
which occurs in this model when [K+]o is 1.4 mM (CSF) or 1.6 mM (aCSF).  This indicates that under physiological [K+]o 
(2.9-3 mM) NKCC1 works in the inward mode, near thermodynamic equilibrium. Dµ is calculated at T= 295 K for aCSF 
and T= 310 K for CSF. The FRP is unchanged for temperatures between 295 -310 K.
Both direction and magnitude of the overall net free en-
ergy driving NKCC1 transport (Δμ) can be predicted using 
the ion concentrations shown in the table below. For an 
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Figure 5.5: Comparison of the changes in relative cell volume of CPECs in 
response to various [K+]o in cells dissociated from NKCC1 +/+ and NKCC1 -
/- animals.	Top trace illustrates the CPEC volume sensitivity to ±  2 mM changes 
in [K+]o, and the bottom trace the experiment was repeated in an NKCC1 -/- 
CPEC.  Top) WT CPEC shrank by -20.6% when K+ was lowered to 1 mM, and 
swelled 10.0% above its basal volume when K+ was increased to 5 mM. Bottom) 
NKCC1 -/- CPEC does not respond to±  2 mM changes in [K+]o. Both cells were 
able to respond to the ± 10% anisosmotic calibrations. Thus, in the absence of 




Figure 5.6.  CPEC sensitivity to changes in [K+]o was blocked by 
bumetanide. A & B) Isosmotic changes in cell water volume induced in CPECs 
by altering [K+]o ± 2 mM K+ were blocked by bumetanide. (A) CWV changes in 
response to two sequential 5K pulses (from 3 to 5 mM K+) (B) Similar to A, but 
the sequential pulses were 1K (from 3 to 1 mM K+). There was a slight decrease 
in the amplitude of the second K+ pulse compared to the first, but the effect of the 
second K+ pulse was reproducible and of sufficient amplitude to be used as test 
pulse in the experiments shown in the second part of this figure to probe the 
effect of bumetanide.  In trace A, the first 5 mM K+ pulse produced a swelling of 
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8.0% compared to a swelling of 6.8% in the second pulse.  Differences between 
the first and second 1 mM K+ pulses (B) were larger. The shrinkage during the 
first 1 mM K+ pulse was -12.4% verses -7.9% during the second 1 mM K+ pulse. 
C & D) Inhibition of NKCC1 with 10 μM bumetanide resulted in CPEC shrinkage 
and loss of the response to small changes in [K+]o.  Following a control pulse of 5 
mM K+ (C) or 1 mM K+ (D), the application of bumetanide produced CPEC 
shrinkage and blocked the cell’s ability to response to a second ± 2 mM change 




Figure 5.7: Cell water volume recovery following 1 mM K+ isosmotic 
shrinkage was bumetanide-sensitive in CPECs from NKCC1 +/+. CWV 
recovery from shrinkage produced by exposure to 1K was blunted in the 
presence of 10 µM bumetanide. However, there was a small bumetanide-
insensitive component (BIC) of the recovery. During the BIC, the volume in this 
cell recovered from -7.2 to -5.1 %, and the remaining volume recovery occurred 
during the relative bumetanide-sensitive component (rBSC) after the drug was 
removed. The BIC indicates the possibility of mechanisms other than NKCC1 in 
this volume recovery. BIC mean rate of volume recovery is 0.71 % / min 














































Figure 5.8: CPEC K+ sensitivity was unchanged in the presence of added 
HCO3- to the bathing solutions. Two representative cells showing the CWV 
response to ± 2 mM K+ in CO2/ HCO3- buffered bathing solutions. No significant 
differences were found between the K+ sensitivity of CPECs in bicarbonate 
buffered solutions vs HEPES buffered solutions. Top) A WT CPEC was exposed 
to 1 mM K+ and this particular cell shrank -18.1 %.  Bottom) This WT CPEC was 





Buffer 1 mM K+ 
DVolume 
5 mM K+ 
DVolume 
HEPES -11.8 ± 1.7% 10.4 ± 1.6%  
 n = 11 animals n = 8 animals 
CO2/HCO3- -13.1 ± 2.3 % 16.6 ± 2.9 % 
 n = 4 animals n = 4 animals 
Significance P = 0.69 P =0.07 
	












































































































































































































































































Figure 6.1: Proposed model of NKCC1 function in CPECs under basal 
conditions.	CPECs not only secrete CSF but also regulate CSF [K+] using 
NKCC1. This homeostatic mechanism is crucial for normal brain function 
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because K+ freely diffuses between CSF and interstitial brain fluid. Modest 
elevations in CSF [K+] increases net inward ion and water transport mediated by 
NKCC1. CSF K+ is taken up into CPECs via NKCC1 & NKATP and either exits 
through basolateral KCC3a or is recycled back into the lumen by K+ channels 
(Brown et al., 2004; Praetorius & Damkier, 2017).  Na+ is recycled by the apical 
NKATP, and Cl- is partly recycled via apical Cl- channels and KCCs. Apical KCC4 
is only activated upon osmotic cell swelling, whereas basolateral KCC3a is 
constitutively active (Alvarez-Leefmans, 2012). This model is consistent with the 
notion that apical NKCC1 plays a key role in the reabsorption of K+ from CSF to 




















































































































Figure 6.2: 3D Model of the FRP of NKCC1 in CPECs 
3-dimensional model of the direction of NKCC1 cotransport with respect to 
intracellular [Na+] and CSF [K+].  DµNKCC1 was calculated at 310 K, with [Na+]o = 
148 mM, [Cl-]o = 130 mM, [K+]o = 0 – 10 mM, [Na+]i = 0 – 50 mM, [Cl-]i = 62.1 mM, 
and [K+]i = 110 mM. Modeling FRP of NKCC1 with respect to [K+]o and [Na+]i , 
and on the right is a color guide for values of DµNKCC1. The dark green areas are 
when NKCC1 is working very near to its FRP.  As the color becomes blue, 
NKCC1 is working in the inward direction and farther away from its FRP.  Areas 
where the graph is yellow and red indicate that NKCC1 is working in the outward 
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Figure A1: NKCC1 KO CPECs maintain their apical expression of 
NKATPa1 and AQP1.	Brain tissue obtained from male sibling WT and 
NKCC1 -/- mice, postnatal age 19 days.  A and B revealed the apical 
expression pattern of NKATPa1 on the CP in WT (A) and NKCC1 KO (B).  
In C and D, a similar apical expression pattern existed for CP from the WT 






































Figure B1: WT and NKCC1 KO cross-sectional area animal data. Individual 
statistics presented in tables on the following pages with left to right graph data 
presented top to bottom in table.	
	
	





























Animal	ID	 n	=	cells	 Mean	CSA	(μm2)	 standard	deviation	
12.2	 9	 123.4233	 17.6	
12.1	 12	 110.158	 24.4	
8.3	 7	 172.8159	 21.1	
6.4	 6	 164.9738	 31.3	
9.4	 7	 154.9809	 17.9	
7.3	 5	 142.6804	 11.9	
36.2	 7	 160.6699	 21.5	
40.6	 15	 201.1547	 37.0	
40.3	 6	 138.0045	 8.8	
40.1	 9	 169.6126	 31.9	
38.1	 9	 206.1038	 42.9	
38.3	 7	 157.5668	 14.5	
36.5	 11	 162.8289	 29.2	
16.4	 7	 167.9831	 23.9	
7.6	 7	 132.0074	 11.7	
2.1	 8	 170.7131	 20.8	
2.2	 6	 169.3866	 17.0	
85.6	 5	 117.0302	 11.4	
76.2	 9	 163.3088	 21.8	
75.6	 7	 125.1456	 21.6	
72.1	 9	 158.1353	 22.9	
69.3	 7	 171.9388	 43.7	
50.1	 4	 192.7865	 18.0	
48.5	 16	 172.1032	 39.5	
48.4	 16	 123.9412	 25.4	
47.4	 13	 168.7268	 35.7	
46.6	 10	 147.9214	 24.9	





42.5	 16	 107.9828	 31.6	
37.5	 24	 194.9336	 47.6	
36.6	 10	 129.0399	 29.6	
33.5	 12	 147.3018	 36.6	
33.4	 17	 117.2521	 16.6	
32.5	 5	 96.7644	 9.6	
29.2	 8	 134.1625	 15.3	
26.7	 15	 163.2957	 19.0	
4.6	 5	 188.6032	 25.3	
80.3	 6	 209.4189	 61.0	
78.2	 13	 194.7071	 54.4	
77.1	 7	 153.8979	 15.0	
75.1	 30	 150.6935	 34.7	
74.2	 28	 171.6309	 32.4	
68.6	 15	 143.0997	 34.4	





Animal	ID	 n	=	cells	 Mean	CSA	(µm2)	 standard	deviation	
71.1	 4	 132.4749	 21.6	
70.9	 7	 148.005	 19.6	
70.7	 3	 133.1665	 29.4	
63.4	 2	 191.1266	 3.5	
14.6	 9	 137.6215	 33.0	
62.2	 11	 162.6473	 29.6	
41.2	 14	 151.9135	 22.2	
41.4	 12	 159.4426	 23.2	
34.1	 9	 134.7757	 16.7	
33.8	 9	 128.9164	 45.6	
20.1	 15	 168.2091	 28.9	
19.2	 21	 125.3188	 22.8	
10.1	 20	 132.7343	 17.9	
4.5	 11	 125.2148	 24.7	
83.1	 8	 110.6741	 15.1	
83.4	 13	 125.8348	 26.8	
67.3	 22	 126.7616	 35.5	
47.2	 21	 151.5516	 35.6	
21.1	 11	 95.5485	 38.3	
12.2	 17	 157.6301	 42.0	
12.5	 10	 104.8059	 17.0	

























-26.1 ± 2.1 
n = 3
-13.2 ± 1.6 
n = 10
-8.5 ± 1.4 
n = 4



















0.4 ± 0.2 
n = 2
-2.0 ± 1.8 
n = 3
0.2 ± 0.4 
n = 5
Mean ± SD, n = number of cells




















-13.7 ± 0.9, n = 3
















-5.2 ± 4.5 
n = 2
-12.1 ± 6.2 
n = 5
-10.6 ± 1.2 
n = 2
Mean ± SD, n = number of cells
Mean ± SD, n = number of cells
-26.4 ± 5.4, n = 8
-25.5 ± 12.3, n = 11
-16.3 ± 1.5, n = 6
-17.2 ± 0.7, n = 4
-21.5 ± 4.1, n = 6
-14.9, n = 1
-27.0 ± 2.4, n = 10
-26.1 ± 6.1, n = 12
-14.6 ± 4.1, n = 2





WT 0Cl Recovery in 0Na




























-8.0 ± 2.8 
n = 2
Mean ± SD, n = number of cells
0Cl
SIC
WT 0Cl Recovery in Bumetanide































-14.6 ± 1.5 
n = 4



















9.2 ± 2.2 
n = 4
9.5 ± 2.5 
n = 15
6.5 ± 3.5 
n = 2












13.4 ± 3.7 
n = 5
9.8 ± 3.3 
n = 13
13.3 ± 5.5 
n = 3
Mean ± SD, n = number of cells


















65.6 ± 16.3 
n = 4
74.2 ± 10.7 
n = 7
55.3 ± 10.5 
n = 11













Mean ± SD, n = number of cells
57.0 ± 6.1 
n = 10
58.6 ± 12.5 
n = 9
16.6 ± 5.3 
n = 4
18.7 ± 2.4 
n = 8
22.8 ± 3.7 
n = 8
35.4 ± 7.2 
n = 8
45.2 ± 7.7 
n = 5
49.1 ± 7.7 
n = 7
32.4 ± 3.2 
n = 5




















-18.2 ± 4.3, n = 16
















0.6 ± 2.9 
n = 5
-0.9 ± 0.3 
n = 6
0.7 ± 1.7 
n = 4
Mean ± SD, n = number of cells
Mean ± SD, n = number of cells
-24.2 ± 4.5, n = 9
-7.8 ± 0.5, n = 5
-16.0 ± 1.5, n = 4
-11.2 ± 1.3, n = 3
-11.5, n = 1
-8.2 ± 1.5, n = 3
-12.4, n = 1
-6.5 ± 0.6, n = 3
-7.5 ± 0.9, n = 4





















7.4 ± 2.0, n = 16
















0.5 ± 3.2 
n = 5
-2.7 ± 1.1 
n = 6
-0.1 ± 0.8 
n = 11
Mean ± SD, n = number of cells
Mean ± SD, n = number of cells
19.6 ± 4.2, n = 9
11.2 ± 3.3, n = 5
14.5 ± 2.5, n = 4
8.0 ± 0.1, n = 2
8.7, n = 1
6.7 ± 0.2, n = 2






































Mean ± SD, n = number of cells







19.6 ± 0.7 
n = 2
22.8 ± 2.5 
n = 3
14.6 ± 0.6 
n = 3
9.5 ± 1.4 
n = 4
